Background: Laser speckle contrast imaging allows real-time, non-invasive, quantitative measurements of regional blood flow. The objectives of this prospective observational study were to use laser speckle contrast imaging to evaluate blood flow changes after sciatic nerve block, and to determine whether this novel optical technique can evaluate block success. Methods: This observational study included 63 adult patients undergoing elective lower limb surgery with sciatic nerve block. Blood flow images and blood flow index (BFI) values of toes were recorded using laser speckle contrast imaging 5 min before nerve block and at 5 min intervals until 30 min after sciatic block. The sensitivity, specificity, and cut-off value of laser speckle contrast imaging for predicting successful sciatic block were determined by receiver operator characteristic (ROC) curve analysis.
Sciatic nerve block is frequently used in lower limb surgery. Choosing a reliable method to evaluate the quality of sciatic nerve block is essential for good clinical practice. Although the pinprick and cold sensory tests are routinely used to identify the quality of sciatic nerve block, these qualitative tests are subjective and sometimes unreliable, especially in elderly patients with neurodegenerative diseases, children, and those who have neuropsychiatric disorders or a language barrier.
Successful peripheral nerve blocks induce sympathetic blockade, which increases local blood flow by vasodilation. 1, 2 Laser Doppler perfusion imaging (LDPI) has been used to evaluate microcirculation after peripheral nerve block.
3e5 LDPI can provide quantitative data on blood flow, but this technique is limited by poor temporal resolution. 6 Pulse oximeter technology was reported to predict the postspinal hypotension 7 and indicate block success for brachial plexus block 8 and sciatic nerve block. 9 Pulse oximeter measures changes in perfusion index, but one probe can only be placed on one digit within the same time period. Laser speckle contrast imaging (LSCI) is an optical imaging technique that allows dynamic and contactfree assessment of blood flow over a large field with high spatial and temporal resolution. 10, 11 LSCI has been widely applied in neuroscience, dermatology, and ophthalmology. The aim of this prospective observational study was to determine whether LSCI is a reliable indicator of successful sciatic block.
Methods
Ethical approval for this study was obtained from the local ethics committee (number TJ-IRB20170401), and was registered with Clinical Trials (NCT03169517). Written informed consent was provided by all participants. Patients scheduled for elective lower limb surgery with sciatic block between May 2017 and September 2017 at Tongji Hospital in Wuhan, China were eligible for this study. Inclusion criteria were: (1) age 18e75 yr; and (2) ASA physical status 1e2. Exclusion criteria were: (1) peripheral vascular disease; (2) toe injury or deficiency; (3) coloured or infected toenails; (4) use of vasodilator drugs before surgery; (5) administration of preoperative analgesic medications; (6) BMI >35; or (7) contraindication to peripheral nerve block, including patient refusal, allergy to local anaesthetics, peripheral neuropathy, or coagulopathy. On arrival in the anaesthesia induction room, i.v. access and standard monitoring with electrocardiography, noninvasive BP, and pulse oximetry were established. Blood flow images of the toes in the operated limb were obtained by LSCI, and pinprick sensory tests were assessed 5 min before nerve block (t¼0) to provide a baseline value. Measurements were performed with patients resting quietly in the supine position. Room temperature was maintained at 24ºC, and all patients were allowed 20 min upon arrival in the anaesthesia induction room to get accustomed to the surroundings before measurement. Ultrasound guidance was performed using a lowfrequency (2e5 MHz) curved array transducer (SonoSite MTurbo; SonoSite Inc, Bothell, WA, USA) for sciatic block.
Patients were placed in the lateral decubitus position with the side to be operated uppermost and the hip and knee flexed. Ultrasound-guided sciatic nerve block was performed using a subgluteal approach. 18 The hyperechoic sciatic nerve at the subgluteal space was identified between the greater trochanter and ischial tuberosity. After infiltration with lidocaine 1%, an 18-gauge, 10-cm Tuohy needle (SonoPlex Nanoline; Pajunk Inc., Geisingen, Germany) connected to a nerve stimulator (Stimuplex, HNS 12, Braun Medical, Melsungen, Germany) was slowly advanced toward the sciatic nerve with in-plane technique guided by ultrasound. Correct needle position was confirmed when foot plantar flexion was maintained at a current of 0.3e0.5 mA. Subsequently, ropivacaine 0.4% (20 ml) was injected after negative aspiration. After the sciatic block, patients were returned to the supine position. Blood flow images obtained using LSCI and pinprick sensory scores were recorded at 5 min intervals (t¼5, t¼10, t¼15, t¼20, t¼25, t¼30) over a 30 min period beginning at the completion of local anaesthetics injection. At each time point, blood flow images were obtained before conducting pinprick sensory tests. Pinprick sensory tests were performed with a 22 gauge blunt needle on the skin innervated by the sural nerve (the calf), superficial peroneal nerve (dorsum of the foot), deep peroneal nerve (web space between the first and second toes), and tibial nerve (sole of the foot). 19 Pinprick sensation was compared with the contralateral side with the same stimulus. Pinprick test results were scored quantitatively as 1 (sensation) or 0 (no sensation). Blood flow images and pinprick sensory test results were recorded in each patient independently by two investigators (LSCI: X.W.; pinprick sensory tests: W.M.). Non-invasive BP, HR, and oxygen saturation were also recorded at each time point. A laser speckle blood flow imaging system 16 (SIM BFI-WF, SIM Opto-Technology Co., Ltd, Wuhan, China) was used to measure blood flow. The equipment consists of a wheeled stage, a laser speckle imaging head, and a connection arm that provides the imaging head with the flexibility to move in horizontal and vertical directions within a certain range. The imaging head contains a laser beam with the wavelength of 785 nm and a 12-bit charge-coupled device (CCD) camera. The system illuminates the target area with a laser beam and acquires the speckle pattern via the CCD camera. A filter was installed in front of the CCD camera to eliminate background light. The exposure time of the CCD camera was 20 ms. The position of the patient's foot was perpendicular to the light. The focal distance of the CCD camera was adjusted to obtain a clear image. The distance from the camera to the target area was 20e25 cm. Thirty images were acquired at an interval of 1 s. In each blood flow image, region of interests (ROIs) were selected and blood flow data were analysed using LSCI software (SIM BFI Software, SIM Opto-Technology Co., Ltd.), which expresses values in perfusion units (PU). The LSCI system and software have been validated in human and animal studies by Professor Li and his team. 16, 17, 20 By using the same circular-ROI selecting tool in the software, we chose five regions on each foot, defined as circular areas of 1 cm in diameter on the nail
Editor's key points
Regional anaesthesia may offer significant benefits over general anaesthesia, although block failure can be problematic.
Objective measures of regional blockade would have clinical utility, especially where subjective assessment is difficult. Laser contract speckle imaging, for measuring regional blood flow, reliably detected failed sciatic nerve block. Use of this technology to assess regional blockade quality shows promise but requires further study.
bed of each toe (Fig. 1 ). The mean blood flow index (BFI) values in the ROIs were calculated by the software. BFI increase was calculated as the difference between baseline and follow-up measures. Sciatic block was defined as successful if pinprick stimulation was recorded as 'no sensation' in all the four nerves (sural nerve, superficial peroneal nerve, deep peroneal nerve, and tibial nerve) at 30 min after the block. Sciatic block was considered failed when the pinprick test was recorded as 'sensation' in any of the four nerves at 30 min after the block. Patients were transferred to the operating room a minimum of 30 min after block completion. The subsequent management of anaesthesia depended on the patient's preference and comprehensive judgment by the anaesthesiologist. The primary outcome of this study was the diagnostic power of LSCI to predict successful sciatic block. The secondary outcomes of this study were BFI values and vital signs.
Statistical analysis
Sample size was calculated using MedCalc Software version 15.2 (MedCalc Software, Ostend, Belgium). The hypothesised area under the receiver operator characteristic (ROC) curve was 0.8 with 0.5 for null hypothesis value. The rate of block failure was estimated to be 12% according to our previous pilot study. Setting the a level to be 0.05 and the power to be 80%, minimum required sample size was 55 with 48 patients in the successful group and seven patients in the failed group. We decided to include 63 patients to account for dropout. Statistical analyses were performed using SPSS 22.0 (IBM Corp., New York, NY, USA). All line graphics were performed with GraphPad Prism version 6.01 for Windows (Graph Pad Software, San Diego, CA, USA). Continuous data are reported as the mean (standard deviation). Categorical data are presented as the number (percentage). Between-group comparisons of normally distributed data were analysed using the independent sample t-test. Categorical data were compared using c 2 test or Fisher's exact test, where appropriate. Repeatedmeasures analysis of variance was conducted to compare measurements over time (BFI values, MAP, HR). If significant, the independent sample t-test was used to analyse betweengroup differences at each time point, and a two-sided paired t-test was performed to examine how these measurements changed over time within each group. A P value of <0.05 was considered statistically significant. As a diagnostic test, ROC curves were constructed to determine the sensitivity, specificity, and cut-off values of blood flow changes measured by LSCI for predicting successful sciatic block. Optimal cut-off point was determined by ROC curves with the maximum Youden index (sensitivity þ specificity e 1). The area under the curve and 95% confidence interval (CI) were also reported.
Results
A total of 75 patients were assessed for eligibility to participate in this study. Ten patients were ruled out by exclusion criteria, and two patients refused to participate; finally, 63 patients were included. Sciatic block was successful in 56 patients and failed in seven patients. The types of surgery performed were arthroscopy, open reduction and internal fixation, plate removal, lesion resection, and tendon lengthening. Baseline characteristics of the included patients are shown in Table 1 . Baseline characteristics were similar in patients with successful and failed sciatic block. Fig. 2 shows that there were no significant differences in baseline BFI values in patients with successful and failed sciatic block. For successful sciatic block, BFI value at each toe increased rapidly at 5 min after the block followed by a steady increase; there were statistically significant differences at each time point compared with the baseline value (P<0.001). For failed sciatic block, BFI value at each toe was not 114 (28) 104 (15) significantly increased after the block compared with the baseline value. At each time point after the block, the BFI values in patients with successful sciatic block were significantly higher than that in patients with failed sciatic block (P<0.05). The BFI value of the big toe increased by 2.11-fold at 5 min after successful sciatic block, which represented the highest increase compared with BFI changes of the other toes. There were no significant differences in MAP or HR between patients with successful and failed sciatic block ( Table 2 ). All seven patients with failed sciatic blocks were partial failures according to pinprick tests in four nerve distribution areas. Among them, four patients were classified to tibial nerve, superficial peroneal nerve, and deep peroneal nerve block failure; one patient was tibial nerve and deep peroneal nerve block failure; and two patients were tibial nerve block failure. For tibial nerve block failure, there was a delayed and less significant increase of BFI values at the big toe ( Supplementary Fig. S1 ).
ROC curves were constructed for blood flow increase at 10 min after sciatic block measured by LSCI to predict the successful block (Fig. 3) . BFI increase of the big toe at 10 min after sciatic block has great potential to predict the block success. The area under the ROC curve was 0.954 (95% CI: 0.869e0.991) with a cut-off value of 8.48 PU (Fig. 4) . The sensitivity was 89.29% and the specificity was 100% according to ROC curve analysis.
Discussion
This study demonstrated that the BFI values measured by LSCI are an early, quantitative, and reliable indicator of successful sciatic block. To the best of our knowledge, this is the first study to investigate the potential use of LSCI for identifying the quality of peripheral nerve block. The results showed that BFI values were significantly increased as early as 5 min after successful sciatic block, compared with baseline. For failed sciatic block, there was no significant change in BFI values.
Peripheral nerve blocks cause sympathetic block and vasodilatation, thus increasing local blood flow. 1, 2 In previous studies, Doppler ultrasound imaging was used to assess blood flow in the radial artery after infraclavicular brachial plexus block 21 and in the brachial artery after axillary brachial plexus (17) 92 (18) 76 (7) 74 (9) 5 92 (17) 90 (13) 76 (9) 75 (8) 10 92 (14) 91 (12) 77 (8) 75 (8) 15 92 (16) 91 (13) 75 (6) 75 (7) 20 92 (12) 93 (9) 74 (7) 75 (7) 25 93 (12) 92 (13) 75 (8) 71 (8) 30 92 (19) 89 (19) 76 (7) 74 (8) block. 1 However, this technique was unable to quantify the microvascular blood flow. The laser Doppler technique has been introduced to evaluate microcirculation after regional block. 22, 23 However, laser Doppler flowmetry is traditionally restricted to single point measurements with a probe and thus lacks a high spatial resolution. Full-field LDPI can evaluate and analyse perfusion but at low temporal resolutions. Pulse oximeter was reported to evaluate perfusion index after supraclavicular brachial plexus block 8 and sciatic nerve block. 9 However, this technology can only measure perfusion index on one digit and cannot provide the perfusion index at the ROIs. LSCI is an optical imaging technique that generates high contrast images of the microcirculation with good resolution in a wide field of view. LSCI measurements are not restricted to a toe or finger and could provide the BFI values at any ROIs. It was reported that the ideal position to measure peripheral vascular responsiveness are fingertips. 24, 25 This is the reason why we chose the nail bed of each toe as ROIs. LSCI technique has not been used to predict the quality of peripheral nerve block in clinical practice. LSCI allows continuous monitoring, real-time acquisition of blood flow information, and rapid comparison.
In the current study, the BFI values of the big toe measured by LSCI were significantly increased 5 min after successful sciatic block and this was the highest increase when compared with BFI changes of the other toes at the same time point. Accordingly, a previous study showed that the earliest and greatest increase in skin temperature occurred in the big toe after different regional-anaesthesia techniques of the lower extremity. 26 However, skin temperature assessed by infrared thermography in this study was not an indicator of the extent of analgesia. The presence of numerous arteriovenous anastomoses and rich innervation by sympathetic vasoconstrictor nerves may be responsible for the large increase in BFI values observed at the big toe after sciatic block.
25
A delayed and less significant increase of BFI values at the big toe was evident in partial failed sciatic blocks, which are consistent with the previous study. It has been demonstrated that skin temperature in all digits and the dorsal side of the hand increased at 25 min after the block in patients with partial lateral infraclavicular block failure, whereas complete block failure resulted in significant decrease of skin temperature. 27 The four branches of the sciatic nerve may be involved differently in vascular dilatation after nerve block. It was reported that successful interscalene brachial plexus block could significantly increase skin temperature in the hand, especially on the thumb. 28 Specific blockade of the ulnar and median nerve resulted in substantial increases in skin temperature of the hand, whereas selective blocking of the musculocutaneous or radial nerve did not increase skin temperature in any area. 24 It was not clear that the blockade of which branch of the sciatic nerve contributed to the BFI increase at the big toe. Further studies are warranted to explore the BFI variation after individual blockade of four major branches of the sciatic nerve. LSCI provides a quantified and objective measurement, which differentiates it from traditional assessment methods such as pinprick or cold sensory tests. For elderly patients with preoperative cognitive dysfunction and patients with mental problems, sensation cannot be accurately assessed with a pinprick or cold stimuli. For patients who need sedation before a peripheral nerve block, especially children, pinprick or cold sensory scores may be misjudged because of the premedication. In addition, LSCI avoids the discomfort caused by pinprick or cold stimuli. BFI increase of the big toe measured by LSCI predicted successful sciatic block as early as 10 min after the block with a sensitivity of 89.29% and a specificity of 100%. The area under the ROC curve was 0.954, suggesting the excellent discriminating ability in selecting patients with block failure. BFI increase of the big toe cannot reach 8.48 PU within 10 min after sciatic block, which indicates a failed block. Failed sciatic block could be recognised quickly and accurately by LSCI; therefore, the use of LSCI could allow supplemental measures such as block supplementation or general anaesthesia without delay and could improve efficiency in the operating room.
The LSCI system is made of speckle image acquisition, preview, data retention, and data analysis. Speckle images can be easily captured once the target area is illuminated by a laser. BFI values of contrast images are calculated by LSCI software, which is simple to operate without requiring special training. The overall LSCI system has a friendly, easy-to-use interface that outputs BFI values as simple as a few mouse clicks and simplifies the end user experience. The simple experimental setup and easy-to-understand interface for LSCI make the operation efficient and enjoyable, even for users who are not familiar with the system. Excellent reproducibility, 29 high sensitivity and resolution, 11, 30, 31 lower inter-subject variability, 31 and friendly user interface of the device make LSCI a powerful technique for assessing blood perfusion. LSCI has been widely applied in the medical field. However, patient satisfaction with routine use of this technique in the operating room has never been evaluated. This issue will be taken into account in our further studies. This study has several limitations. Firstly, the sample size was small and the patient population was homogenous. The BFI values may be biased in patients with peripheral vascular disease, vasodilator drugs intake before surgery, ankle trauma, or peripheral oedema. Further studies are needed to determine the applicability and reliability of the LSCI technique in this patient population. Secondly, supplementing a local anaesthetic with epinephrine may impact skin perfusion rates 32 ; in this study, we used ropivacaine 0.4% for sciatic block. The effect of ropivacaine with epinephrine as an additive and the effect of other local anaesthetics on BFI values are research topics that warrant investigations in future studies. Thirdly, we excluded patients with coloured or infected toenails because they could confound the data as a result of a relatively high baseline BFI value. Lastly, we arbitrarily obtained blood flow images at 5 min intervals after sciatic block instead of monitoring at each minute.
In conclusion, laser speckle contrast imaging might be an early, objective, quantitative, and reliable indicator of successful sciatic block. 
